Iron is an essential element but can be toxic at high concentrations. Therefore, its acquisition and storage require tight control. Salmonella encodes the global regulator Fur (ferric uptake regulator) and the small regulatory non-coding RNAs (sRNAs) RfrA and RfrB, homologues of RyhB. The role of these iron homeostasis regulators was investigated in Salmonella enterica serovar Typhi (S. Typhi). Strains containing either single or combined deletions of these regulators were obtained. The mutants were tested for growth in low and high iron conditions, resistance to oxidative stress, expression and production of siderophores, and during interaction with host cells. The fur mutant showed a growth defect and was sensitive to hydrogen peroxide. The expression of the sRNAs was responsible for these defects. Siderophore expression by S. Typhi and both sRNAs were regulated by iron and by Fur. Fur contributed to invasion of epithelial cells, and was shown for the first time to play a role in phagocytosis and intracellular survival of S. Typhi in human macrophages. The sRNAs RfrA and RfrB were not required for interaction with epithelial cells, but both sRNAs were important for optimal intracellular replication in macrophages. In S. Typhi, Fur is a repressor of both sRNAs, and loss of either RfrA or RfrB resulted in distinct phenotypes, suggesting a non-redundant role for these regulatory RNAs.
INTRODUCTION
Fur (ferric uptake regulator) is a regulatory protein that is active in the presence of iron (and other metals) and its principal function is to repress the transcription of genes implicated in iron acquisition and transport (Ernst et al., 1978; Hantke, 2001 ). As such, at high iron concentrations, iron acquisition systems are inhibited by Fur, and excess iron is stored by the iron storage proteins (FtnA, FtnB, Bfr) (Andrews, 1998; Velayudhan et al., 2007) . Fur is well characterized in Escherichia coli where it also represses the transcription of a small regulatory non-coding RNA (sRNA), RyhB (Massé & Gottesman, 2002) . This sRNA is expressed in low iron conditions where the repression by Fur is inhibited (Massé & Gottesman, 2002) . In general, RyhB targets are non-essential proteins that use iron for their function. By inhibiting the synthesis of these proteins, RyhB promotes availability of iron for essential iron-using proteins required for biological processes including respiration, the tricarboxylic acid cycle, oxygen transport and DNA biosynthesis. Recently, it was shown that RyhB promotes synthesis of the siderophore enterobactin in E. coli K-12 (Salvail et al., 2010) .
Salmonella enterica is an important pathogen that causes diseases in animals and in humans. In S. enterica serovar Typhimurium (S. Typhimurium), Fur regulates systems implicated principally in iron acquisition, but also other genes involved in acid stress and adaptation, oxidative stress resistance and virulence. Indeed, Fur is important for the acid tolerance response of Salmonella (Foster, 1991; Hall & Foster, 1996) . Fur also plays a role in virulence of S. Typhimurium, as it is important for the establishment of a systemic infection in mice and some studies have shown that a fur mutant had a lower level of invasion in epithelial cells (Curtiss et al., 2009; Garcia-del Portillo et al., 1993; Riesenberg-Wilmes et al., 1996; Troxell et al., 2011b; Velayudhan et al., 2007) . Recently, a link between Fur and the Salmonella pathogenicity island 1 (SPI-1) genes necessary for invasion has been demonstrated (Ellermeier & Slauch, 2008; Teixidó et al., 2011; Troxell et al., 2011b) . Many iron-and fur-responsive elements were identified in Salmonella (Bäumler et al., 1996; Bjarnason et al., 2003; Foster & Hall, 1992; Troxell et al., 2011a; Tsolis et al., 1995) , but characterization of the regulators of iron homeostasis is missing.
Unlike E. coli, Salmonella possesses two sRNAs, RfrA (also called RyhB, RyhB-1) and RfrB (also called IsrE, , that are the orthologue and paralogue of RyhB, respectively (Ellermeier & Slauch, 2008; Kim & Kwon, 2013; Ortega et al., 2012; Padalon-Brauch et al., 2008) . S. enterica serovar Typhi (S. Typhi) rfrA and rfrB genes respectively share 81.1 and 70 % identity with the E. coli ryhB gene, and rfrA shares 65.6 % identity with rfrB. RfrB was identified in a study focused on the discovery of sRNAs present in genetic islands of S. Typhimurium (Padalon-Brauch et al., 2008) . This study showed that both sRNAs are regulated by iron and by Fur, but their expression differed considerably depending on the growth phase, the oxidative stress and iron levels in the medium, suggesting differences in their regulation (PadalonBrauch et al., 2008) . RfrA and RfrB of S. Typhimurium are overexpressed in cultured murine macrophages (PadalonBrauch et al., 2008) , but their role in virulence has not been reported. Recently, some targets regulated by these two sRNAs (RyhB-1 and RyhB-2) were identified in S. Typhimurium (Kim & Kwon, 2013) . It was shown that both sRNAs are implicated in some cellular pathways, where differences in their functions showed that they do not act redundantly in most cases (Kim & Kwon, 2013) . Also, RfrA and RfrB expression was shown to be induced inside fibroblast cells, and loss of these sRNAs increased intracellular bacterial growth (Ortega et al., 2012) . As Salmonella possesses several virulence genes that are absent from E. coli, it is possible that Fur and sRNAs RfrA and RfrB regulate distinct genes that may contribute to virulence.
S.
Typhi is a host-adapted serovar that is specific for humans and is the aetiological agent of typhoid fever. The crucial stages of infection by S. Typhi are the adherence and invasion of intestinal epithelial cells in Peyer's patches (M cells), and survival inside macrophages, which leads to dissemination to the organs (liver, spleen and lymph nodes) and systemic infection. During the course of infection, S. Typhi encounters several environments and must use strategies to acquire iron for its growth and its multiplication. In this study, we investigated the importance of Fur and the sRNAs RfrA and RfrB of S. Typhi for growth, resistance to oxidative stress, and during interaction with host intestinal epithelial cells and macrophages.
METHODS
Bacterial strains, plasmids, media and growth conditions.
Strains and plasmids used in this study are listed in Table 1 . Bacteria were routinely grown overnight with agitation in Luria-Bertani (LB) broth. For experiments depending on iron concentration, bacteria were grown overnight in M63 minimal medium (low iron) containing the following (per litre): 5.3 g KH 2 PO 4 , 10.6 g K 2 HPO 4 and 2.0 g (NH 4 ) 2 SO 4 . pH was adjusted to 7.5 with KOH, and the medium was supplemented with 1 mM MgSO 4 , 0.1 % Casamino acids, 0.6 % (w/v) glucose, 40 mg tryptophan ml -1 and 40 mg cysteine ml -1
. The M63 minimal medium was inoculated with a 1 : 100 dilution of an overnight culture grown in LB washed once in M63. High iron conditions were obtained by the addition of 100 mM FeCl 3 to M63 medium. M63 medium was prepared in plastic bottles (polypropylene) to reduce trace contamination of iron and bacterial cultures were grown in disposable plastic tubes. When required, ampicillin was added at 50 mg ml -1 . Growth curves of strains were assessed in low or high iron (M63 medium) in triplicate. Absorbance at 600 nm was measured every 30 min using a Bioscreen C Automated Microbiology Growth Curve Analysis System (Growth Curves USA).
Construction of fur, rfrA and rfrB mutant strains. Deletion of fur, rfrA or rfrB individually or in combination (fur/rfrA, fur/rfrB, fur/ rfrA/rfrB and rfrA/rfrB) was done by allelic exchange as described previously (Faucher et al., 2009 ) using the overlap-extension PCR method (Basso et al., 2002) . Primers are listed in Table 2 . Mutations were confirmed by PCR. We also confirmed that the deletion of each sRNA did not affect the expression of adjacent genes. Expression of genes adjacent to rfrA (STY4265 and STY4266) and rfrB (STY1846 and STY1848) was evaluated and confirmed by RT-PCR (data not shown). RNA was extracted from the wild-type and the rfrA or rfrB mutant strains grown in M63 medium, and reverse transcription of RNA in cDNA was done using Superscript II (Invitrogen). The PCR products were migrated in a 1.2 % agarose gel. Gene STY1848 was not expressed in the wild-type strain under any conditions tested.
Hydrogen peroxide sensitivity assay. Sensitivity of bacterial cultures to hydrogen peroxide (H 2 O 2 ) was determined by using an agar overlay diffusion method on LB as described by Boyer et al. (2002) . Briefly, 100 ml of overnight cultures grown in LB broth was mixed with 3 ml molten top agar (0.5 % agar) and poured onto an LB agar plate. A filter paper disc (6 mm diameter; Becton Dickinson) was placed in the centre of the plate and 10 ml of H 2 O 2 (30 %) was spotted onto the disc. The plates were incubated overnight at 37 uC and the diameters of inhibition zones were measured. Results are expressed as the mean±SEM of four experiments. The non-parametric Student's t test was used for statistical analysis.
CAS assays. Chrome azurol S (CAS) agar plates were used to determine production of siderophores (Schwyn & Neilands, 1987) . Strains were grown overnight in LB with agitation at 37 uC and 5 ml of each strain was spotted onto the CAS agar plates and incubated at 37 uC for 24 h.
Quantitative RT-PCR (qPCR). RNA was extracted using TRIzol (Invitrogen) from bacteria grown in LB, in low and high iron conditions, and from infected cells (INT-407 or THP-1) at different times postinfection, as described previously (Faucher et al., 2006) . Primers used are listed in Table 2 . qPCRs were performed in a Rotor-Gene 3000 (Corbett Research) by using the PerfeCTa SYBR Green SuperMix (Quanta Biosciences), according to the manufacturer's instructions. The transcriptional level of the different genes in each condition was normalized against the 16S rRNA gene. For each condition, reverse transcription was done three times independently and a sample without Superscript II was used as a negative control. The relative amount of cDNA was calculated using the standard curve method. A standard curve was obtained from PCR on serially diluted genomic DNA as templates and was analysed using Rotor-gene analysis software 6.0.
Transcriptional fusion and b-galactosidase assay. The iroB promoter region was amplified with iroB-Fprom and iroB-Rprom primers (Table 2) . A 470 bp fragment digested with EcoRI and BamHI was purified and ligated to pRS415 (Simons et al., 1987) , resulting in plasmid pSIF194. The PiroB-lacZ transcriptional fusion construct included 438 bp upstream of the iroB gene, and 32 bp after the start codon of the gene. This PiroB-lacZ construct was transformed into the different mutant strains of S. Typhi ISP1820 by electroporation. Expression of iroB was measured by b-galactosidase assays from cultures grown overnight (18 h) in low iron or high iron conditions. b-Galactosidase activity was measured using ONPG as described by Miller (1972) . Results are expressed as the mean±SEM of three experiments performed in triplicate. The non-parametric Student's t test was used for statistical analysis.
Interaction with epithelial cells. INT-407 (Henle) cells (ATCC CCL-6) were grown in minimal essential medium (Wysent) supplemented with 10 % (v/v) heat-inactivated fetal bovine serum (FBS) (Wisent) and 25 mM HEPES (Wisent). One day before infection, cells were seeded at 2610 5 cells per well in 24-well tissue-culture plates. One hour before infection, cells were washed with prewarmed PBS (pH 7.4), and fresh complete medium was added to each well. Bacteria were grown statically overnight in LB containing 0.3 M NaCl (SPI-1-inducing conditions) (Lee & Falkow, 1990 ) and added to each well at an m.o.i. of 20 : 1. The 24-well plates were then centrifuged at 800 g for 5 min to synchronize infection, incubated at 37 uC in 5 % (v/v) CO 2 for 90 min and rinsed three times with PBS. Cells were either lysed by addition of 1 ml of 0.1 % (w/v) sodium deoxycholate in PBS (PBS-DOC) to evaluate the level of adherence or further incubated for 90 min with complete medium containing 100 mg gentamicin ml -1 (Wisent) to kill extracellular bacteria. Cells were then lysed as described above to determine the invasion level. Results are expressed as the mean±SEM of at least three experiments performed in duplicate. The non-parametric Student's t test was used for statistical analysis.
Infection of human cultured macrophages. The human monocyte cell line THP-1 (ATCC TIB-202) was maintained in RPMI 1640 (Wisent) containing 10 % (v/v) heat-inactivated FBS (Wisent), 1 mM sodium pyruvate (Wisent) and 1 % modified Eagle's medium with non-essential amino acids (Wisent). A stock culture of these cells was maintained as monocyte-like, non-adherent cells at 37 uC in an atmosphere containing 5 % (v/v) CO 2 . Macrophage infection was performed as described previously (Daigle et al., 2001 ) unless specified. Briefly, bacteria were grown overnight standing in LB, reaching usually an OD 600 of 0.6. Bacteria were added to the cell monolayer at an m.o.i. of 10 : 1, and plates were centrifuged for 5 min at 800 g to synchronize bacterial uptake. After 20 min of incubation at 37 uC, extracellular bacteria were removed by washing cells three times with prewarmed PBS, and the infected monolayers were either lysed with PBS-DOC (T0) or incubated for 2 h with medium containing 100 mg gentamicin ml -1 (Wisent) to kill extracellular bacteria, and then with 12 mg gentamicin ml -1 for the remainder of the experiment. The number of surviving bacteria was determined (c.f.u.) by plating on LB agar. Results are expressed as the mean±SEM of at least three experiments performed in duplicate. The nonparametric Student's t test was used for statistical analysis.
RESULTS AND DISCUSSION

Growth of the mutant strains in high and low iron conditions
To investigate if the deletion of the different genes encoding iron regulators fur, rfrA and rfrB, deleted singly Iron homeostasis in S. Typhi or in combinations, affects the growth of S. Typhi, the growth kinetics of the mutant strains were tested in low (M63) or high iron conditions (M63+100 mM FeCl 3 ) (Fig.  1) . The fur mutant exhibited a growth lag in exponential phase and overall decreased growth compared with the wild-type strain, either in low or in high iron conditions (Fig. 1) . The growth defect of the fur mutant was also observed on agar plates, where it formed smaller colonies than the wild-type (data not shown). Growth was restored to the wild-type level when the fur gene was introduced in trans on a low-copy plasmid (pWSK29fur) in the fur mutant. The growth defect observed in the fur mutant was not caused by an excess of iron, but by the expression of the sRNAs, as observed with the triple mutant (fur/rfrA/ rfrB), which completely restored the growth of the fur mutant, either in low or in high iron conditions. Indeed, growth of the double mutant fur/rfrB was partially restored, while growth of the double mutant fur/rfrA was similar to the wild-type strain. The presence of the sRNAs, mainly rfrA, seems to be responsible for the growth defect in the fur mutant. This also suggests a distinct role for each sRNA. Deletion of either rfrA or rfrB or both small RNA genes resulted in a growth curve similar to the wild-type strain, in either low or high iron conditions. These results are consistent with a previous report in S. Typhimurium (Kim & Kwon, 2013) . Overall, the growth profile of the mutants was similar between the high and low iron conditions except that the final growth level was lower in low iron conditions.
Sensitivity of the mutant strains to oxidative stress
We determined whether Fur and/or the sRNAs RfrA and/ or RfrB contribute to H 2 O 2 resistance in S. Typhi, as Table 2 . Primers used in this study deregulation of iron homeostasis was previously shown to increase sensitivity to various oxidative agents, including H 2 O 2 , in other bacteria (Andrews et al., 2003; Touati et al., 1995) . The abilities of the wild-type and the different mutant strains to resist H 2 O 2 were compared (Fig. 2) . The fur mutant was significantly more sensitive than the isogenic parental strain. Interestingly, the strains harbouring deletion of fur and one of the sRNAs (fur/rfrA and fur/ rfrB) were also significantly more sensitive than the wildtype strain, but were less sensitive to H 2 O 2 than the fur mutant. When both sRNAs were deleted in the fur mutant (fur/rfrA/rfrB), the ability to resist H 2 O 2 was restored to a level similar to that of the wild-type strain. The strains harbouring deletion of either one or both of the sRNAs tolerated H 2 O 2 to the same level as the wild-type strain (Fig. 2) .
(a) Typhi wild-type strain ISP1820, isogenic mutants and fur-complemented strain in (a) high iron (M63+100 mM FeCl 3 ) and (b) low iron (M63) conditions. OD 600 was measured every 30 min using a Bioscreen C Automated Microbiology Growth Curve Analysis System. Growth curves of strains were assessed in triplicate and the results represent the means±SEM.
Again, we demonstrated that the sRNAs RfrA and RfrB were responsible for sensitivity of the fur mutant to oxidative stress, because the double and triple mutants (fur/rfrA, fur/rfrB and fur/rfrA/rfrB) were less sensitive to H 2 O 2 than the fur mutant. This may be due to the fact that in the S. Typhi fur mutant, both sRNAs RfrA and RfrB are expressed, which could lead to an increased level of free intracellular iron and an inhibition of different proteins required in response to oxidative stress, as observed in E. coli (Jacques et al., 2006; Massé et al., 2005) . We could interpret the intermediate level of sensitivity of the double mutants (fur/rfrA and fur/rfrB) as the two sRNAs working additively, an observation that is reinforced by a regain in resistance of the fur mutant after loss of both of these sRNAs. In S. Typhimurium, similar results were shown, but only the fur/ryhB-1 (fur/ rfrA) mutant showed significantly higher resistance compared with the fur mutant, but not the fur/ryhB-2 (fur/rfrB) or the triple mutant (Kim & Kwon, 2013) . This suggests that some differences in the role of the sRNAs may exist between these two serovars.
Siderophore production
To assess the impact of deletion of the fur, rfrA and rfrB regulatory genes on siderophore production (enterobactin and/or salmochelin), strains were grown on CAS indicator plates (Fig. 3) . All the strains lacking the fur gene produced more siderophore than the wild-type strain (WT , fur , fur/rfrA; fur/rfrB , fur/rfrA/rfrB). This suggests that expression of the sRNAs is deleterious for siderophore production. It is interesting to observe that siderophore production is different if one or both sRNAs are absent, suggesting again that the sRNAs are not redundant. Siderophores were produced at levels similar to the wildtype level when the fur mutant was complemented. Nevertheless, strains harbouring one or both sRNA deletions (rfrA, rfrB and rfrA/rfrB) were similar to the wild-type strain. This could be explained by the iron content of the CAS agar plates (10 mM), which was high enough to activate Fur and to trigger Fur-mediated repression of the sRNAs. The highest production of siderophore observed in the triple mutant is consistent with results in E. coli, where in minimal medium containing 1 mM or more of iron, production of siderophore is higher in the double fur/ryhB mutant than in the wild-type and the fur mutant strains (Salvail et al., 2010) .
Salmochelin expression
In high iron conditions, Fur is known to repress the transcription of genes encoding iron uptake systems and siderophores. To verify if the S. Typhi siderophore salmochelin was regulated by Fur and/or by the sRNAs RfrA and RfrB, a transcriptional fusion between the iroB promoter, the first gene of the iroBCDE operon mediating production of salmochelin, and the lacZ reporter gene was constructed in plasmid pRS415 and introduced to the different mutant strains. b-Galactosidase activity was measured for each strain grown overnight (18 h) in low or high iron conditions (Fig. 4) . As expected, the transcription of iroB was 10-fold higher when grown in low iron conditions compared with growth in high iron conditions. The transcription of iroB was also 10-fold higher in all strains harbouring a fur deletion compared with the wild-type strain, in high iron conditions. When grown in low iron, expression of iroB was higher in the rfrA mutant and in the double fur/rfrA mutant and significantly higher in the triple mutant compared with the fur mutant (Fig. 4) . Interestingly, transcription of iroB was significantly lower in the rfrB mutant compared with the wild-type and significantly different between the rfrA and the rfrB mutants. These results suggest that the sRNAs slightly affected the expression of iroB, with higher transcription in the rfrA mutant under low iron conditions, compared with the rfrB mutant. RfrB must play only a minor role in the regulation of salmochelin production, and these data revealed another difference between the two sRNAs. These data showed that the transcription of iroB is regulated by iron and by Fur, and that each of the sRNAs had a distinct influence of the expression of iroB.
Expression of iron regulator genes
The transcription level of fur, rfrA and rfrB was measured by qPCR from bacteria grown in different conditions and from bacteria harbouring different deletions (fur, rfrA, rfrB, rfrA/rfrB) (Fig. 5) . The fur gene was significantly more expressed in high iron conditions and when one or both of the small RNAs were deleted (Fig. 5a ), but fur expression depended on iron concentration in these mutants. Indeed, in high iron conditions, fur expression was increased in the rfrA and rfrA/rfrB mutants whereas it was expressed at a similar level to the wild-type strain in the rfrB mutant. By contrast, in low iron conditions, fur was higher in the rfrB mutant than in the rfrA and rfrA/rfrB mutants or the wildtype strain. This again suggests a different role for each sRNA. Thus, Fur expression was always higher when an sRNA was deleted, an observation consistent with the role of E. coli RyhB to inhibit the translation of fur (Večerek et al., 2007) . Highest fur expression was observed during interaction with host cells (Fig. 5a) . Overall, the expression of fur was lower than the expression of the housekeeping gene 16S.
The expression of S. Typhi sRNAs rfrA and rfrB was also evaluated (Fig. 5b and c) . In contrast to fur, the sRNAs rfrA and rfrB were induced in low iron conditions, where the regulator Fur is inactive. The rfrA gene was expressed similarly to the wild-type strain when rfrB was missing, but rfrB was slightly more expressed when rfrA was absent. Expression of each sRNA was also induced when fur was deleted, confirming the role of Fur as a repressor for both of these sRNAs. The promoter regions of rfrA and rfrB are conserved between S. Typhi and S. Typhimurium, and each sRNA possesses a Fur box (Padalon-Brauch et al., 2008) . Expression of sRNAs during interaction with cells was higher than in high iron conditions for rfrA but similar for rfrB. Overall, rfrB was more expressed in vitro than rfrA, but their expression during cell interaction was similar.
Interaction with epithelial cells
The role of S. Typhi Fur and the sRNAs RfrA and RfrB during interaction with epithelial cells was evaluated. The invA mutant that impeded the invasive phenotype was used as a control (Galán & Curtiss, 1989) . A slightly lower level of adhesion (90 min) of INT-407 cells was observed for the fur mutant or fur mutants lacking one of the two sRNAs (fur/rfrA and fur/rfrB), when compared with the wild-type strain (Fig. 6a) . In contrast, invasion (180 min) was significantly reduced for all strains harbouring a fur mutation (single or in combination) and for the invA mutant (Fig. 6a) . Indeed, a two log decrease in invasion Iron homeostasis in S. Typhi was observed for these mutants. Complementation of fur on a low-copy plasmid in the fur mutant completely restored the adherence phenotype to the wild-type level, but partially restored the phenotype of invasion. The invasion defect of the fur mutants was similar to the SPI-1 mutant invA. Implication of Fur in invasion of epithelial cells is known in S. Typhimurium (Garcia-del Portillo et al., 1993; Riesenberg-Wilmes et al., 1996) . Recently, Fur was shown to be involved in regulation of genes encoding regulators of SPI-1, a group of genes encoding all the machinery of a type three secretion system essential to the invasion of epithelial cells. Fur positively regulates HilA, the master regulator of SPI-1, via HilD (Ellermeier & Slauch, 2008; Teixidó et al., 2011) or via the repression of the histone-like protein H-NS (Troxell et al., 2011b) . qPCR data confirm that hilA expression was lower in the S. Typhi fur mutant in SPI-1-inducing conditions (data not shown). The invasion defect of the fur mutant could therefore be explained by inhibition of SPI-1 expression. It is interesting to observe that Fur seems to act earlier than the SPI-1 genes, because the fur mutant showed a slightly lower level of interaction with INT-407 cells at 90 min, in contrast to the SPI-1 invA mutant. The varying growth rate of the fur mutants could also partially explain the invasion phenotype of these strains.
The strains lacking sRNAs showed a similar level of adhesion and invasion as the wild-type strain. The role of the sRNAs in interaction with epithelial cells did not reveal any significant implication of RfrA and RfrB in adhesion to and in invasion of these cells, which correlated with previous data showing that RfrA and RfrB were not implicated in the regulation of hilA in S. Typhimurium (Ellermeier & Slauch, 2008) . Interestingly, when RfrA was expressed (fur and fur/rfrB mutants), the level of bacteria inside the cells (180 min) was significantly lower than when it was absent (fur/rfrA and fur/rfrA/rfrB mutants), showing differences in implication of the sRNAs in the invasion of S. Typhi in epithelial cells. 
Interaction with macrophages
To evaluate bacterial uptake, survival and proliferation within macrophages, THP-1 macrophages were infected with the wild-type strain and the isogenic mutants using a gentamicin protection assay. The number of bacteria present at different times was determined by viable counts. All mutants carrying a fur deletion (single or in combination with sRNAs) were significantly defective in uptake by macrophages compared with the wild-type strain (Fig. 6b) . Unlike the wild-type strain, the number of bacteria decreased at 2 h post-infection in these mutants. They were still able to proliferate inside macrophages at 24 h post-infection, but they never reached the level of the wild-type strain. Complementation of fur on a low-copy plasmid in the fur mutant completely restored the uptake and survival in macrophages to the wild-type level. The fact that presence of Fur inhibits macrophage uptake is novel. This defect of phagocytosis is not linked to a lower expression of the SPI-1 genes in a fur mutant, as the SPI-1 mutant had no uptake defect in macrophages. These observations suggest that Fur in S. Typhi is crucial for survival and replication inside human macrophages. This could be explained by the numerous defects of the fur mutant, such as increased sensitivity to oxidative and acid stresses encountered inside these cells, along with its in vitro growth defect. However, these defects were shown to be caused principally by the expression of the sRNAs RfrA and RfrB, as the triple mutant restored the phenotype of growth and resistance to H 2 O 2 . However, as the triple mutant demonstrated the same intracellular phenotypes as the fur mutant, factors other than the poor resistance of different stress of the fur mutant are responsible for these defects in intracellular replication and survival. It was previously shown that an S. Typhimurium fur mutant did not have a survival defect in murine macrophages (Garciadel Portillo et al., 1993) , so it is possible that Fur has a different impact in virulence between these two serovars. However, Fur is required for the virulence of S. Typhimurium in mice (Curtiss et al., 2009; Garcia-del Portillo et al., 1993; Riesenberg-Wilmes et al., 1996; Troxell et al., 2011b; Velayudhan et al., 2007) .
Deletion of sRNA rfrA or rfrB did not affect bacterial uptake, survival or replication, as the number of bacteria recovered at different times post-infection was similar to the wild-type strain (Fig. 6b) . However, deletion of both sRNAs (rfrA/rfrB) resulted in a significantly lower number of bacteria recovered at 24 h post-infection compared with the wild-type (Fig. 6b) , suggesting a complementary role for intracellular replication. Interaction with macrophages also showed that the fur/rfrB mutant had a significantly lower level of replication after 24 h than the fur/rfrA and fur/rfrA/rfrB mutants. On the one hand, both sRNAs have to be deleted to affect the survival level, but, on the other, there is a difference between the two sRNAs in their impact on survival. These observations could be explained by the fact that both sRNAs are important for survival, but RfrB is perhaps more implicated than RfrA. In S. Typhimurium, RfrA and RfrB are expressed inside murine macrophages at 8 h post-infection and they are induced inside fibroblasts (Ortega et al., 2012; Padalon-Brauch et al., 2008) . RfrA and RfrB were induced inside THP-1 macrophages at 24 h postinfection, and this is the first time that this intracellular macrophage expression has been linked to the importance of these two sRNAs in intracellular replication.
In summary, Fur represses expression of sRNAs RfrA and RfrB, a repression that is important for optimal growth of S. Typhi and resistance to H 2 O 2 . S. Typhi siderophore expression and production are under iron and Fur regulation, and the sRNAs have a minor role in this regulation. It is not yet known if they directly regulate expression of Salmonella siderophores, or if variation in expression and production of siderophores in the double (fur/rfrA and fur/rfrB) and triple (fur/rfrA/rfrB) mutants was due only to the deregulation of iron homeostasis. The fur gene is expressed under high iron conditions and its expression is repressed by RfrA and RfrB. Conversely, the sRNAs are expressed under low iron conditions and their expression is repressed by Fur. The highest expression of these iron regulators was obtained during interaction with host cells, which correlates with their role in virulence. Indeed, Fur is required for invasion of epithelial cells and for uptake by and survival inside human macrophages. RfrA and RfrB are not implicated during epithelial cell infection, where only minor phenotypes were observed. Interestingly, both sRNAs are required for optimal replication inside human macrophages. These results showed that the iron regulators are important for iron homeostasis of S. Typhi, but also for diverse functions including optimal growth, resistance to oxidative stress and interaction with host cells. Interestingly, sRNAs RfrA and RfrB share some characteristics and functions, but in most experiments specific mutants showed distinct phenotypes, suggesting a non-redundant role for these sRNAs.
